We have isolated a cardiomyogenic cell line (CMG) from murine bone marrow stromal cells. Stromal cells were immortalized, treated with 5-azacytidine, and spontaneously beating cells were repeatedly screened. The cells showed a fibroblast-like morphology, but the morphology changed after 5-azacytidine treatment in ∼30% of the cells; they connected with adjoining cells after one week, formed myotube-like structures, began spontaneously beating after two weeks, and beat synchronously after three weeks. They expressed atrial natriuretic peptide and brain natriuretic peptide and were stained with anti-myosin, anti-desmin, and anti-actinin antibodies. Electron microscopy revealed a cardiomyocyte-like ultrastructure, including typical sarcomeres, a centrally positioned nucleus, and atrial granules. These cells had several types of action potentials, such as sinus node-like and ventricular cell-like action potentials. All cells had a long action potential duration or plateau, a relatively shallow resting membrane potential, and a pacemaker-like late diastolic slow depolarization. Analysis of the isoform of contractile protein genes, such as myosin heavy chain, myosin light chain, and α-actin, indicated that their muscle phenotype was similar to that of fetal ventricular cardiomyocytes. These cells expressed Nkx2.5/Csx, GATA4, TEF-1, and MEF-2C mRNA before 5-azacytidine treatment and expressed MEF-2A and MEF-2D after treatment. This new cell line provides a powerful model for the study of cardiomyocyte differentiation.
Introduction
Although significant progress has been made in the molecular understanding of skeletal muscle growth and differentiation (1, 2) , little is known about the genes involved in heart development (3) . A number of skeletal muscle cell lines have been established (4) (5) (6) in which myoblasts can not only regenerate but also differentiate into myotubes. The isolation and extensive characterization of the MyoD gene family were performed using these cell lines (7) (8) (9) , and these cells have brought significant progress to our molecular understanding of skeletal muscle differentiation (10) . The isolation of a cardiomyogenic cell line (CMG) that may facilitate the molecular analysis of cardiomyocyte development has been long awaited (11) .
Myocardial infarction is a leading cause of morbidity and mortality in civilized countries. Cardiomyocytes do not regenerate after birth, and they respond to mitotic signals by cell hypertrophy (12, 13) rather than by cell hyperplasia. Loss of cardiomyocytes leads to regional contractile dysfunction, and necrotized cardiomyocytes in infarcted ventricular tissues are progressively replaced by fibroblasts to form scar tissues. Recent studies revealed that transplanted fetal cardiomyocytes could survive in this heart scar tissue (14) and that these transplanted cells limited scar expansion and prevented postinfarction heart failure. The transplantation of cultured cardiomyocytes into the damaged myocardium has been proposed as a future method for the treatment of heart failure (15) (16) (17) . Although this is a revolutionary idea, it remains infeasible in the clinical setting because it is difficult to obtain donor fetal heart. A CMG cell line could potentially substitute for fetal cardiomyocytes in this therapy. Therefore, both developmental biologists and cardiologists eagerly await the development of a CMG cell line.
Recent reports (18) (19) (20) (21) (22) (23) have revealed that marrow stromal cells have many characteristics of mesenchymal stem cells. Pluripotential progenitor marrow stromal cells may differentiate into various types of cell types, including bone (19, 20) , muscle (21) , fat (22) , tendon, or cartilage (23) . On the basis of these findings, we hypothesized that marrow stromal cells might also differentiate into cardiomyocytes. We therefore repeatedly screened marrow stromal cells that began spontaneously beating after exposure to 5-azacytidine, a cytosine analog capable of altering expression of certain genes that may regulate differentiation. To our knowledge, this is the first report of the establishment of a cell line that differentiates into cardiomyocytes in vitro from adult marrow stromal cells. The cells were characterized electrophysiologically and ultrastructurally and were examined for cardiomyocyte-specific gene expression. The use of adult tissues as a source of cardiomyocytes makes this system particularly appropriate for the development of gene therapy strategies for heart disease.
Methods
Cell culture. Female C3H/He mice (n = 10) were anesthetized with ether, thigh bones were excised, and bone marrow cells were obtained. The procedures were performed in accordance with the guidelines for animal experimentation of Keio University. Primary culture of the marrow cells was performed according to Dexter's method (24) . Cells were cultured in Iscove's modified Dulbecco's medium (IMDM) supplemented with 20% FBS and penicillin (100 µg/ml)/streptomycin (250 ng/ml)/amphotericin B (85 µg/ml) at 33°C in humid air with 5% CO 2 . After a series of passages, attached marrow stromal cells became homogeneous and were devoid of hematopoietic cells. The marrow stromal cells basically did not require coculture of blood stem cells. Immortalized cells were obtained by frequent subculture for more than 4 months. Cell lines from different dishes were subcloned by limiting dilution. To induce cell differentiation, cells were treated with 3 µmol/l of 5-azacytidine (Sigma Chemical Co., St. Louis, Missouri, USA) for 24 h. Subclones that included spontaneously beating cells were screened by microscopic observation (first screening), and cells surrounding spontaneously beating cells were subcloned by cloning syringes. Subcloned cells were maintained and again exposed to 5-azacytidine for 24 h, and clones that showed spontaneous beating most frequently were screened (second screening). The screened clone was named the CMG (cardiomyogenic) cell.
Videotape recording. The cultured cells were observed through an inverted-type phase-contrast video microscope (TMD300; Nikon, Tokyo, Japan) equipped with a 40× quartz objective lens and an 8× relay lens. The culture dish was kept at 33°C using a temperature-controlled closed chamber. The cell images were introduced into an intensified charged couple device camera (KP-C251; Hitachi Denshi/Sankei, Tokoyo, Japan) and videotaped by an sVHS recorder (VZ-470; Sanyo, Tokyo, Japan). A gray density filter (ND16; Nikon) was used to limit unnecessary light exposure to epi-illumination by a xenon lamp (100 W). Image processing software (NIH Image 1.59/Power Macintosh 7200; National Institutes of Health, Bethesda, Maryland, USA) was used to determine alterations in the size of cells.
Immunostaining. A monoclonal antibody (MF20) to sarcomeric myosin was obtained from American Type Culture Collection (Rockville, Maryland, USA). A monoclonal antibody to desmin was purchased from Bio-Science Products (Emmenbrücke, Switzerland), and a monoclonal antibody to actinin was purchased from Sigma Chemical Co. Cells grown on glass coverslips were permeabilized in 1% formaldehyde/PBS for 10 min. After blocking with 5% BSA in PBS for 1 h at room temperature, the cells were incubated with primary antibodies. After three washes in PBS for 5 min each, the biotinylated/conjugated anti-mouse IgG (DAKO Corp., Carpinteria, California, USA) was applied for 30 min at a dilution of 1:400. Visualization was achieved through the streptavidin-biotin horseradish peroxidase detection system.
Transmission electron microscopy. For transmission electron microscopy of cultured cells, cells were washed three times with PBS (pH 7.4). The initial fixation was done in PBS containing 2.5% glutaraldehyde for 2 h. The cells were embedded in epoxy resin. Ultrathin sections cut horizontally to the growing surface were double stained in uranyl acetate and lead citrate and were viewed under a JEM-1200EX transmission electron microscope (Nihon Denshi, Tokyo, Japan).
Action potential recording. Electrophysiological studies were performed in IMDM containing (in mmol/l) CaCl 2 1.49, KCl 4.23, and HEPES 25 (pH 7.4). Cultured cells were placed on the stage of an inverted phase-contrast optic (Diaphoto-300; Nikon) at room temperature (25°C). Action potentials were recorded by conventional microelectrode. Intracellular recordings were made from 2-to 5-week-old cultured cells with a distinguishable phenotype. Glass microelectrodes filled with KCl (3 mol/l) having a DC resistance of 15-30 MΩ were selected. Membrane potentials were measured by means of current clamp mode (MEZ-8300; Nihon Kohden, Tokyo, Japan) with a built-in fourpole Bessel filter set at 1 kHz. The data were recorded on the thermal recorder (RTA-1100M; Nihon Kohden) and stored on a digital magnetic tape (frequency range 0-20 kHz, Sony Magnescale; Sony Co., Tokyo, Japan) for later analysis.
RNA extraction, reverse transcriptase-PCR, and Southern blot analysis. Total RNA was extracted from adult mouse heart, skeletal muscle, and differentiated CMG cells by Trizol Reagent (GIBCO BRL, Gaithersburg, Maryland, USA). 
ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; MEF, muscle enhancement factor; MHC, myosin heavy chain; MLC, myosin light chain.
ing of 95°C for 30 s, 53-60°C for 1.5 min, and 72°C for 1 min, with an additional 7-min incubation at 72°C after completion of the last cycle. The primers used are described in Table 1 . The PCR products were size-fractionated by 3% Nu Sieve agarose gel electrophoresis. In some experiments, the gels were transferred to nylon membranes (Hybond N), and ultraviolet cross-linked. The Southern blot hybridization was performed at 42°C for 24 h using a 32 P end-labeled internal 25-bp fragment. The internal 25-bp fragments used were as follows: ANP, CTGAGTGAGCAGACTGAGGAAGCAG; BNP, AAAAGTCGGAGGAAATGGCCCAGAG; Nkx2.5 /Csx, TTCAAGCAACAGCGGTACCTGT; GATA4, TGACAGT-CATGGGGACATAATCACC; TEF-1, TTGAACAGCAGAGA-GACCCAGA. Southern blots were washed several times with a final wash at 55°C in 2× SSC (150 mmol/l NaCl, 15 mmol/l sodium citrate) containing 0.1% SDS for 30 min. After washing, x-ray film was exposed to the filter at -70°C. Northern blot analysis was used for detection of α-skeletal actin and α-cardiac actin expression. Total RNA (20 µg) was separated on a 1% MOPS/formaldehyde-agarose gel and blotted onto a nylon membrane (Hybond N). cDNAs for α-skeletal actin and α-cardiac actin were obtained by RT-PCR from mouse heart RNA and were cloned into pCR II plasmid. All cDNAs were confirmed by sequencing. Inserts were labeled by random priming with [ 32 P]dCTP (Du Pont NEN Research Products, Boston, Massachusetts, USA). After transfer, the blots were immersed in a Rapid-hyb buffer (Amersham Life Sciences Inc., Arlington Heights, Illinois, USA), and hybridization was performed according to the manufacturer's instructions. Blots were washed serially with a final wash at 55°C-65°C in 0.1× SSC containing 0.1% SDS for 30 min.
Results

CMG cells form myotubes and show spontaneous contraction.
We repeated limiting dilutions several times and isolated 192 single clones; however, we observed several clones that could differentiate into the cardiomyocytes and show spontaneous beating. These experiments were repeated and reproducible, but the percentage of cardiomyocyte differentiation was distinct among these clones.
To determine the morphological changes in CMG cells induced by 5-azacytidine treatment, phase-contrast photography and/or immunostaining with anti-sarcomeric myosin, anti-actinin, and anti-desmin antibodies were performed on CMG cells. Figure 1 is a phase-contrast photograph of CMG cells before and after 5-azacytidine treatment. CMG cells showed a fibroblast-like morphology before 5-azacytidine treatment (0 week), and this phenotype was retained through repeated subcultures under nonstimulating conditions. After 5-azacytidine treatment, the morphology of the cells gradually changed. Approximately 30% of the CMG cells gradually increased in size, formed a ball-like appearance, or lengthened in one direction and formed a stick-like morphology at one week. They connected with adjoining cells after two weeks and formed myotube-like structures at three weeks. After the CMG cells differentiated to the cardiomyocytes, they could divide in culture to some extent. The differentiated CMG myotubes maintained cardiomyocyte phenotype and beat vigorously for at least eight weeks after final 5-azacytidine treatment, and they did not dedifferentiate. Most of the other nonmyocytes showed an adipocyte-like appearance. Figure 2 shows the immunostaining of the CMG cells with anti-sarcomeric myosin antibody (MF20) at one, two, three, and four weeks after 5-azacytidine treatment. Myosin-positive cells gradually joined with neighboring myosin-positive cells and formed a myotube-like appearance. The maximum length of the myotubes ranged from 1,000 µm to 3,000 µm. Cardiac muscle cells can be distinguished from skeletal muscle cells by the presence of branching fibers, and the CMG myotubes showed a number of branches. Figure 3 shows high magnification of the immunostaining of the differentiated CMG myotubes at four weeks with anti-myosin, anti-actinin, and anti-desmin antibodies. Most of the cells were mononuclear, some were binuclear, but a few were multinucleated (3-10 per cell). Cells were connected to each other via intercalated discs and formed myotubes. CMG myotubes also stained strongly with anti-actinin and anti-desmin antibodies. Figure 4 shows sequential photographs of the CMG myotubes obtained from a videotape recording that represents one contraction. Differentiated CMG myotubes showed repeated spontaneous contraction and relaxation without any stimulation. Spontaneous beating was also observed in isolated CMG cells. Myotubes began spontaneously beating after two weeks and beat synchronously after three weeks. The contractions were rapid and automatic-very different from those of smooth muscle cells and skeletal muscle cells in culture. The frequency of contractions ranged from 63 to 428 per minute.
CMG cells have a cardiomyocyte-like ultrastructure. Representative transmission electron microscopy photographs are shown in Fig. 5 . Immature CMG cells at one to two weeks after treatment showed myofilaments, but their alignment was intricate (data not shown). However, a longitudinal section of the differentiated CMG myotubes clearly revealed the typical striation and palestaining pattern of the sarcomeres (Fig. 5a) . CMG myotube nuclei were positioned in the center of the cell, not beneath the sarcolemma. The most conspicuous feature of the differentiated CMG myotubes was the presence of membrane-bound dense secretory granules measuring 70-130 nm in diameter (Fig. 5b) . These granules were thought to be atrial granules and were especially concentrated in the juxtanuclear cytoplasm, but some were also located near the sarcolemma. These findings indicated that CMG cells had a cardiomyocyte-like, rather than skeletal muscle, ultrastructure.
CMG myotubes have several types of action potential. An electrophysiological study was performed on differentiated CMG cells at two to five weeks after 5-azacytidine treatment. There were at least two types of distinguishable morphological action potentials: sinus node-like potentials (Fig. 6a) and ventricular myocyte-like potentials (Fig. 6b) . The sinus node-like action potential showed a relative shallow resting membrane potential with late diastolic slow depolarization, like a pacemaker potential. Peak-and domelike morphology were observed in ventricular myocyte-like cells. Table 2 gives the action potentials recorded in CMG myotubes. A cardiomyocyte-like action potential recorded from these spontaneously beating cells had the following properties: (a) a relatively long action potential duration or plateau (b) a relatively shallow resting membrane potential, and (c) a pacemaker-like late diastolic slow depolarization. Figure 7 shows a time course of the percentage of the sinus node-like and ventricular myocyte-like action potentials of the CMG cells after 5-azacytidine treatment. All the action potentials recorded from the CMG cells until three weeks revealed sinus node-like action potential. The ventricular myocyte-like action potentials could be recorded after four weeks, and the percentage of these action potentials gradually increased thereafter. It is possible that the percentage of the ventricular myocyte-like action potentials at five weeks was underestimated. Most of the action potentials recorded from differentiated CMG myotubes revealed ventricular myocyte-like appearance, but the action potential of the differentiated CMG myotubes was difficult to record. The glass microelectrode was frequently damaged because the spontaneous contraction of the differentiated myotube at five weeks was too big.
Cardiomyocyte-specific gene expression. Figure 8 shows RT-PCR or Northern blot analysis of the expression of cardiomyocyte-specific genes in differentiated CMG cells. 
Figure 3
Immunostaining of CMG cells with anti-sarcomeric myosin, anti-actinin, and anti-desmin antibodies after 5-azacytidine treatment (3 weeks). CMG myotubes were stained with both anti-sarcomeric myosin, antiactinin, and anti-desmin antibodies. cardiomyocytes (in vivo heart) and skeletal muscles (soleus muscle) were used as positive and negative controls, respectively. Differentiated CMG myotubes expressed both the ANP and BNP genes. Figure 8b shows the expression of the α-and β-MHC, α-cardiac and α-skeletal actin genes. Both α-and β-MHC expression could be detected by RT-PCR in differentiated CMG cells, but β-MHC expression was overwhelmingly stronger than that of α-MHC. CMG cells expressed both α-cardiac and α-skeletal actin. Figure 8c shows the Northern blot analysis of α-cardiac and α-skeletal actin gene expression. Adult mouse heart was used as a positive control. The α-skeletal actin gene was expressed at markedly higher levels than the α-cardiac actin gene in CMG cells. Interestingly, CMG cells expressed MLC-2v, but not MLC-2a (Fig. 8d ). 
Discussion
We have established a cardiomyogenic cell line (CMG) from mouse bone marrow stromal cells that can be induced to differentiate into cardiomyocytes in vitro by 5-azacytidine treatment. A number of lines of evidence confirmed the cardiomyocyte characteristics of CMG cells. These cells expressed a number of cardiomyocyte-specific genes including ANP, BNP, GATA4, and Nkx2.5/Csx. In ventricular muscle of small mammals, there is a developmental switch from expression of β-MHC, which is the predominant fetal form, to that of α-MHC around the time of birth. There is also a developmental switch from expression of α-skeletal actin, which is the predominant fetal and neonatal form, to that of α-cardiac actin, the predominant adult form. Differentiated CMG cells mainly expressed β-MHC and α-skeletal actin. Expression of α-MHC and α-cardiac actin was detected, but at low levels. MLC-2 genes are specifically expressed in the chamber. MLC-2v is specifically expressed in ventricular cells, whereas MLC-2a was specifically expressed in atrial cells. Differentiated CMG cells expressed MLC-2v, but not MLC-2a. Moreover, skeletal muscle cells do not express α-MHC or MLC-2v. These results indicated that differentiated CMG cells had a phenotype specific to fetal ventricular cardiomyocytes. Differentiated CMG cells expressed Nkx2.5/Csx, GATA4, TEF-1, and MEF-2C before final 5-azacytidine treatment.
The MEF-2A and MEF-2D genes were expressed after final 5-azacytidine treatment. This pattern of gene expression in CMG cells was similar to that of in vivo developing cardiomyocytes (33) . These results indicate that the stage of differentiation of the CMG cell is between cardiomyocyteprogenitor and differentiated cardiomyocytes.
Differentiated CMG cells connected to adjoining cells via intercalated discs, formed myotubes, and beat spontaneously. These differentiated CMG myotubes have a cardiomyocyte-like ultrastructure, including typical sarcomeres, a centrally positioned nucleus, abundant glycogen granules, a number of mitochondria, and many atrial granules. Tagoe et al. (34) reported that the most common size of atrial granules observed in the adult mice atrium was 150-200 nm in diameter, but they also found that ∼35% of the atrial granules in adult mice atria ranged between 50 and 150 nm in diameter. The atrial granules observed in the differentiated CMG myotubes were 70-130 nm in diameter. A previous report (35) found that almost all atrial myocytes expressed ANP in fetal heart, whereas in the ventricular wall, cells containing immunoreactive granules were scattered. Analysis of the pattern of expression of cardiomyocyte-specific genes indicated that the phenotype of the differentiated CMG cardiomyocytes corresponded to fetal ventricular cardiomyocytes. The high-density granules observed in the differentiated CMG cells might correspond to those in fetal ventricular cardiomyocytes. CMG myotubes have either sinus node-like or ventricular myocyte-like action potentials with a relatively long action potential duration or plateau, a relatively shallow resting membrane potential, and a pacemakerlike late diastolic slow depolarization.
Although action potentials can be seen in noncardiomyocyte cells such as skeletal muscle cells or nerve cells, the action potential in CMG cells is characterized by duration (36) (37) (38) (39) . The duration of action potentials in
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Figure 6
Representative tracing of the action potential of CMG myotubes. Action potential recordings using a conventional microelectrode were obtained from the spontaneously beating cells at day 28 after 5-azacytidine treatment. We categorized these action potentials into two groups: a sinus node-like action potential (a) or a ventricular cardiomyocyte-like action potential (b). These action potentials have a relatively shallow resting membrane potential with late diastolic slow depolarization: a pacemaker-like potential. The ventricular cardiomyocyte-like action potential had peak notch-plateau characteristics, with an initial tall overshoot in phase 0, a repolarizing notch in phase 1, and a second depolarizing plateau in phase 2, whereas the sinus node-like action potential had none of these features. Beating cycle length, action potential amplitude, action potential duration, and most diastolic potential are given in Table 2 .
skeletal muscle cells or nerve cells are <5 ms (40, 41) . The most diastolic potential, action potential amplitude, and the overshoot potential of the sinus node-like CMG cells were close to the equivalent values reported in vivo rabbit sinus node cells (42) . In rabbit ventricular cells, the most diastolic potential and action potential amplitude were reported to be approximately between -90 and -95mV, and 120 mV, respectively. Although the most diastolic potential and action potential amplitude of the ventricular cardiomyocyte-like CMG cells were slightly shorter than these values, the shape of the action potential was very close to in vivo ventricular cardiomyocyte. The observation of several distinctive patterns of action potential in CMG cells may reflect different developmental stages. The electrophysiological patterns of action potential and expression patterns of the ion channels in differentiated CMG cells should be clarified in the future. Both embryonic stem (ES) cells (43) and embryonal carcinoma (EC) cells (44, 45) may differentiate into cardiomyocytes in vitro. These cells were derived from totipotent embryonal blastocyst and either required endoderm for mesodermal differentiation or could differentiate into endoderm and ectoderm by themselves. CMG cells differ from these cells in several ways. First, CMG cells were obtained from adult bone marrow. Second, they did not require endoderm for differentiation, and they only differentiated into mesoderm, as demonstrated in other marrow stromal cell lines. Third, CMG cells were easy to culture because they are adherent like fibroblasts, have a high growth rate, and do not require expensive cytokine (leukemia inhibitory factor) supplement. Finally, differentiation is easily induced by 5-azacytidine treatment. ES cells Total RNA was isolated from mouse heart (H), skeletal muscle (Sk), and differentiated CMG cells. After DNase I treatment, RT-PCR was performed, as described in Methods, for ANP and BNP. Each PCR product was identified by Southern blot using 32 P-labeled synthetic oligonucleotides. Both ANP and BNP are specifically expressed in cardiac muscle and CMG myotubes. (b) RT-PCR analysis of α-myosin heavy chain (α-MHC), β-myosin heavy chain (β-MHC), α-cardiac actin, and α-skeletal actin expression in CMG cells. Heart (H) and liver (L) were used as positive and negative controls. M represents ΦXHaeIII molecular size marker. CMG myotubes expressed both α-cardiac actin and α-skeletal actin, but the expression of α-skeletal actin was much stronger than that of α-cardiac actin. Note that α-skeletal actin expression was observed before the final 5-azacytidine treatment, although expression was weak. CMG myotubes expressed both α-and β-MHC, but the expression of β-MHC was much stronger than that of α-MHC. (c) Northern blot analysis of α-cardiac actin and α-skeletal actin expression in CMG cells. Adult heart (H) was used as a positive control. α-cardiac actin was more abundantly expressed in adult heart. On the other hand, α-skeletal actin was more abundantly expressed in CMG cells. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading internal control. and EC cells differentiate into cardiomyocytes at rates of ∼50% and 5%, respectively. CMG cells differentiate into cardiomyocyte-like cells after final 5-azacytidine treatment, and the efficiency of the differentiation into cardiomyocytes is ∼30%. Thus, CMG cells provide a powerful tool for the further investigation of cardiomyocyte differentiation. Although transcription factors such as d-HAND, e-HAND (46), MEF-2C (33, 47), Nkx2.5/Csx, GATA4, and TEF-1 are known to play important roles in cardiac development (48) , the lack of a model for cardiomyocyte differentiation has meant that little is known about the interactions of these genes. This simple new model for cardiomyogenesis may help clarify the cascade of transcriptional activation that regulates differentiation into cardiomyocytes. 
